In this paper, we propose EasiTest, a multi-radio testbed for heterogeneous wireless sensor networks (WSN). Two types of sensor nodes, specifically, high speed multi-radio node (EZ271) and low speed single radio node (EZ521) are developed. An administration platform is provided to monitor and control the testbed. EasiTest enjoys high flexibility, powerful processing capability and ease of expansion. EasiTest provides a powerful tool not only for the study and evaluation of large scale, heterogeneous sensor networks, but also for quick prototyping of practical WSN applications. To demonstrate the capability of the testbed, we study the co-existence problem of IEEE 802.11 and IEEE 802.15.4. Guidelines are given on channel allocation and network parameter configuration to minimize the interference.
Introduction
Wireless sensor networks [1] has attracted much interest due to its versatility and wide applicability, and huge market potential. Recently, WSN has been considered as the core technology of the emerging Internet of Things (IOT), in which objects with intelligence connect with each other through heterogeneous communication networks and work collaboratively.
A commonly used method in research and evaluation of WSN is computer simulation, with which the behavior of a WSN can be observed and the performance can be analyzed [2] . However, simulation has many limitations, among which low efficiency and inconsistency between the simulated scenario and the real world are the most critical ones. The complexity and dynamics of the working environment of a WSN make it hard to model and simulate.
In contrast, testbed-based evaluation provides an efficient and effective alternative. With a testbed, a WSN can be accurately evaluated in a practical working environment before a real system is built and deployed. However, existing testbeds suffer different limitations and problems. They generally do not support multiple radios and heterogeneous networks, which are required in emerging WSNs and relevant applications. In this work, we design and develop EasiTest, a multi-radio testbed for the research and evaluation of large scale heterogeneous WSN.
The major contributions of this paper are three-fold.
1. Survey existing WSN testbeds. Identify the major limitations and the desirable features of a WSN testbed.
2. Propose EasiTest, a heterogeneous multi-radio testbed. Two types of sensor nodes, and a monitoring and control platform are designed and implemented.
3. Use EasiTest to study the 802.11-802.15.4 co-existence problem. Guidelines on channel allocation and network parameter configuration are given to minimize the interference.
The remainder of this paper is organized as follows. In Section 2, we introduce the related work, and identify the desired features of a testbed for WSN. In Section 3, we describe the design and implementation of EasiTest. In Section 4, we study the 802.11-802.15.4 co-existence problem, and give guidelines on channel allocation and network parameter configuration. We conclude in Section 5.
Related Work
Various testbeds have been proposed and developed for the study of WSN. In Table 1 , we summarize the most popular ones. We find that existing testbeds suffer different problems and limitations, among which the major ones are summarized below.
• The sensor node structure is inflexible. The nodes are incapable of supporting diverse kinds of applications.
• The communication interfaces are simple and limited, and do not support complex heterogeneous network.
• Capabilities for debugging, programming, and testing are limited. Low-speed USB and serial port are used for monitoring and control, which limits the scalability of the testbed.
• None of the existing testbeds supports multiple radios.
Novel multi-channel protocols and mechanisms can not be evaluated.
These limitations render the existing testbeds unsuitable for the study and evaluation of the emerging WSN and its applications. Emerging applications of WSN generally involves various kinds of networking and communication technologies. For example, a monitoring and control application based on WSN may utilize ZigBee for distributed data sensing, WiFi for data aggregation, GPRS for remote data collection, and Ethernet for monitoring and control. The major functional requirements of a testbed for WSN are listed below.
• Support various kinds of networks for the evaluation of heterogeneous networks.
• Support multiple radios on a single node for the evaluation of multi-channel protocols. Figure 1 . Structure of EasiTest.
• Provide highly flexible hardware platform and powerful and user-friendly administration platform for the evaluation of various applications and large scale networks.
On considering the limitations of the existing testbeds and the desired functional requirements, we design and implement EasiTest, a reliable, flexible, and scalable multi-radio heterogeneous testbed for WSN. In the next section, we introduce EasiTest.
EasiTest Design and Implementation

A. EasiTest Design
In practical, according to the application requirement, the structures of heterogeneous WSN system present variety of manifestations. EasiTest employs a layered structural. In addition, for monitoring and control purposes, building blocks for administration are incorporated into the testbed. The whole structure of EasiTest is shown in Fig. 1 .
EasiTest can be separated into two domains. One is the WSN domain, which is composed of high-speed multi-radio sensor nodes EZ271 and low-speed sensor nodes EZ521, and supporting devices, such as wired and wireless gateways, and switches. The WSN domain hosts the WSN applications. The other domain is the administration domain, which is composed of the system management server, the database server and the web server. The administration domain is connected with the WSN domain through Ethernet to realize monitoring and control functions. The whole testbed can be connected to the Internet to support remote access. This testbed can support multi-radio wireless communications, and researchers can develop protocols on each layer of network and the nodes in the testbed are equipped with rich interfaces to fulfill the requirements of various applications. The testbed also include GUI, background supporting system, management software, and database system which provide a complete and effective solution for every research task. Below, we introduce the two domains in details.
B. WSN domain
Two types of sensor nodes, EZ271 and EZ521, for highspeed applications and low-speed applications, respectively, are developed in EasiTest. 1) EZ271: high-speed multi-radio sensor node : EZ271 targets high-speed multi-radio applications. The block diagram and a picture of EZ271 are shown in Fig. 2 . To achieve more flexibility, EZ271 is designed to be composed of a core board and a mother board. The core board integrates the core processor XScale PXA271, and the core peripherals, such as the power supply units, SDRAM, FLASH, and the programming interface. A wireless module based on CC2420 [12] is also integrated on the core board to provide support for 802.15.4/ZigBee network. More networking interfaces are provided by the mother board. Besides the Ethernet interface, two WiFi modules based on G25477 are also integrated in the motherboard to provide support for 802.11 network. The mother board also provides more peripherals and expansion interfaces, such as SD card socket, LCD interface, USB port, serial port, and other general purpose input/output (GPIO) interface. For sensor functions, a temperature sensor (STH11) and an ambient luminance sensor (TSL2561) are integrated on the core board for environment sensing. More analog and digital interfaces are provided on the mother board to connect other sensors. The core board can work independently as a sensor node with limited capabilities. When connected with the mother board, a much more powerful sensor node is obtained. Embedded Linux with full TCP/IP network protocol stack runs on EZ271. Network layer and transport layer usercustomizations can be realized by altering the open source TCP/IP protocol stack. EZ271 can be connected to the administration domain through Ethernet to support highly efficient data exchange without the involvement of the wireless interfaces. Moreover, 802.11 MAC layer user-customization is also supported by EZ271. G25477 can be re-programmed to change the MAC layer parameters or even the whole MAC layer protocol.
To support the study of power management, three power consumption sensors are integrated in the mother board. The power consumption of the core board and the two WiFi modules can be measured in real time.
2) EZ521: low-speed sensor node: The block diagram and a picture of a low-speed sensor node EZ521 are shown in Fig. 3 
C. Administration domain
In EasiTest, the administration domain provides functions for system monitoring and control. Various administration tasks, such as firmware updating, parameter downloading, sensor node control, evaluation data collection and analyzing, etc. are supported. The administration domain is composed of a system management server, a database server, a web server, and other supporting devices.
The system management server hosts the EasiTest management software. The management software is developed in JAVA and based on the Struts architecture with high extension capability. EasiTest management software is divided into three parts: application management, testbed management, and server management. The structure of the management software is shown in Fig. 4 .
The database server is responsible for storing data and responding to search queries. The web server provides fullfunctional web interface for the end users to access the testbed. Users can perform all the system management tasks through a web browser and even access the testbed remotely over the Internet. Fig. 5 shows a web interface of EasiTest.
D. Lab deployment of EasiTest
We deploy the EasiTest testbed in our laboratory as shown in Fig. 6 . Sixteen EZ521 are hung on the ceiling in a 4X4 configuration. EZ521s communicate with each other though the CC2420 interface, and communicate with EZ271 and administration servers through the WiFi interface. As pointed out earlier, no cable is required for the deployment of EZ521, which makes the deployment and maintenance very simple. Beside the EZ521s, four powerful EZ271s are evenly distributed on desks under EZ521s. They are connected to the administration servers located on the local area network (LAN) through Ethernet interface.
Study on Co-existence of IEEE 802.11 and IEEE 802.15.4 Networks
To demonstrate the capability of the EasiTest, it is used to study the co-existence problem of IEEE 802.11 and IEEE 802.15.4 networks over the 2.4 GHz frequency band. Based on the evaluations, guidelines on channel allocation and network parameter configuration are provided. 802.15.4 is designed to promote co-existence. The PHY layer transmission technology employed in 802.15.4 is direct sequence spread spectrum (DSSS), in which the signal is spread over a wider frequency band to alleviate the interference to others. In addition, the transmission power in 802.15.4 is generally much lower than that in 802.11 [13] . These facts make 802.15.4 network has little or even no impact on 802.11 network performance.
On the other hand, 802.15.4 employs a listen-before-talk mechanism on its MAC layer. A 802.15.4 device will postpone its transmission if the measured power level is higher than a threshold, indicating that the channel is busy [14] . Therefore, 802.11 transmissions may block 802.15.4 transmissions. As a result, the throughput of 802.15.4 will be degraded.
With a spectrum analyzer, the working channels of 802.11 and 802.15.4 networks can be easily observed. In Fig. 8 , we show the measured power densities of a CC2420 module working on CH12 and a G25477 module working on Channel 1, 2, 3, and 6, respectively 1 . In the figure, the narrow peak and broad flat spectrum belong to CC2420 and G25477, respectively. Obviously, a larger separation in the working channels allocated to the two networks can help to lower the 1 Since CC2420 transmission power is generally much lower than that of G25477, 30 dBm gain is added to CC2420 power density measurement for ease of observation. Table 2 . Channel allocation of G25477.
interference.
2) Channel occupancy:
The channel occupancy in terms of time also affects the transmission opportunity of 802.15.4 network. A lower channel occupancy of a channel means more transmission opportunities for 802.15.4 network, which leads to a higher throughput.
The channel occupancy depends on the throughput and transmission data rate. If the transmission data rate is fixed, higher throughput means longer transmission time and higher channel occupancy. On the other hand, if the throughput is fixed, the channel occupancy is determined by the transmission rate. A higher transmission data rate leads to a shorter transmission time, and thus lower channel occupancy. Therefore, the channel occupancy can be controlled through the configuration of network parameters.
B. Evaluation setup
To study the co-existence problem, or more specifically, to study the impacts of the channel allocation and channel occupancy factors, a heterogeneous network of 802.11 and 802.15.4 is set up with EasiTest. An EZ271 equipped with G25477 802.11 module and CC2420 802.15.4 module acts as the transmitter. Through one G25477 interface, EZ271 sends 1480-byte-long UDP packets to an 802.11-enabled PC located 6m away. The sending rate of the UDP data packet can be adjusted to control the traffic of 802.11. At the same time, through the CC2420 interface, EZ271 continuously sends 4-byte-long (application layer) data packets to another 802.15.4-enabled EZ521 located 2m away. The correctness of the transmission of each packet is ensured by the acknowledgment and re-sending mechanism.
C. Evaluation results 1) Impact of channel allocation: In this evaluation, G25477 transmits UDP packets with a time interval of 5ms after the previous packet is acknowledged or dropped after retransmission. The throughput of CC2420 (in pkt/s) is measured under different configurations of G25477 in terms of channel allocation and physical layer bit rate. A transmission power of 0 dBm, and CH18 with central frequency of 2.440 GHz are used by CC2420. The transmission power of G25477 is set to 18 dBm. The physical layer bit rate options of G25477 are 1, 2, 5.5, 9, 11, 24, 48, and 54 Mbps. The G25477 working channels and corresponding gaps to 2.440 GHz (CC2420 working channel), are listed in Table 2 .
The measurement results of CC2420 throughput are shown in Fig. 9 . We find that channel allocation has a huge impact on CC2420 performance. The larger the frequency gap between G25477 and CC2420, the lower the impact made by G25477 on CC2420. The evaluation results suggest that co-located 802.11 and 802.15.4 networks should be allocated channels with at least 20 MHz separation to ensure the impact of 802.11 on 802.15.4 is negligible.
2) Impact of channel occupancy: As pointed out earlier, another impact is due to the channel occupancy of G25477.
From Fig. 9 , we observe that as the G25477 PHY layer data rate increases, the throughput of CC2420 also increases. The reason is that when the transmission data rate of G25477 increases, the channel occupancy of G25477 decreases, thus reducing the impacts on CC2420. From the figure, we can find that a data rate of 24 Mbps or higher is preferred. The results in Fig. 9 are obtained under the same traffic level but different PHY layer bit rates of 802.11 network. Below, we fix the PHY layer transmission data rate of G25477 at 9 Mbps, adjust the transmission interval of UDP packets to control the traffic of 802.11, and measure the throughput of CC2420. In this evaluation, CC2420 is configured to use CH12 with central frequency of 2.410 GHz, while G25477 is configured to use Channel 2 with central frequency of 2.417 GHz. The measurement results are shown in Fig. 10 . We find that CC2420 throughput decreases with the increase in G25477 throughput. It is because higher traffic load occupies more channel time, which decreases the transmission time spared for CC2420 and CC2420 obtains more transmission opportunities when the throughput of G2 is lower.
D. Co-existence guideline
The experiments evaluate the impact of 802.11 network on a co-located 802.15.4 network. The purpose of the study is to provide guidelines to minimize the interference between G25477 and CC2420. Based on the evaluation results, we conclude that to minimize the impact of 802.11 on 802.15.4, we should allocate channels with enough frequency separation (at least 20 MHz) to the co-located 802.11 and 802.15.4 networks. In addition, the 802.11 network should work at a data rate of 24 Mbps or higher. Furthermore, proper traffic control mechanisms should be employed to avoid channel monopoly by the 802.11 network.
Conclusion
In this paper, we design and develop EasiTest, a multi-radio testbed for heterogeneous wireless sensor networks. Compared with existing testbeds, EasiTest is more powerful, more flexible, more user-friendly, and more scalable. EasiTest provides a powerful tool not only for the study of heterogeneous WSN, but also for quick-prototyping of novel WSN applications.
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